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In  order  to  reduce  the  surface  recombination  at  the  interface  between  the  fluorine-doped  tin  oxide  (FTO) 
substrate  and  the  polysulfide  electrolyte  in  CdS  quantum-dot-sensitized  solar  cells  (QDSCs),  compact 
Ti02  is  deposited  on  the  FTO  electrode  by  sputtering.  The  Ti02 -coated  CdS-sensitized  solar  cell  exhibits 
enhanced  power-conversion  efficiency  (0.52%)  compared  with  a  bare  CdS-sensitized  solar  cell  (0.23%). 
Charge-transfer  kinetics  are  analyzed  by  impedance  spectroscopy,  open-circuit  decay,  and  cyclic  voltam¬ 
metry.  The  Ti02  layer  deposited  on  the  FTO  substrate  acts  as  a  blocking  layer,  which  plays  a  significant 
role  in  reducing  the  electron  back  transfer  from  the  FTO  to  the  polysulfide  electrolyte.  Interestingly,  with 
respect  to  the  incident  photon-to-current  conversion  efficiency  (IPCE)  data,  asymmetric  enhancement  is 
observed  from  the  sample  with  a  thicker  blocking  layer.  This  is  because  CdS  quantum  dots  absorb  ultra¬ 
violet  light  completely  with  the  Ti02  layer  because  of  the  high  extinction  coefficient  of  the  CdS  quantum 
dots  compared  with  dye  molecules. 
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1.  Introduction 

Dye-sensitized  solar  cells  (DSSCs)  have  been  considered  as  one 
of  the  most  renewable  solar  energy  sources  due  to  their  low  cost, 
high  durability,  and  potential  use  as  flexible  devices.  Since  Gratzel 
and  O’Regan  invented  the  dye-sensitized  nanocrystalline  Ti02  solar 
cell  structure  [1  ],  enormous  progress  has  been  made  in  the  power 
conversion  efficiency  of  DSSCs,  and  maximum  efficiencies  of  up  to 
11%  have  been  achieved  [2]. 

Recently,  semiconductor  quantum  dots  have  been  considered 
as  a  fascinating  alternative  to  organic  dye  molecules.  Quantum- 
dot-sensitized  solar  cells  (QDSCs)  have  potential  advantages  over 
DSSCs,  such  as  higher  absorption  coefficients  compared  with  dye 
molecules,  tailored  absorptions  by  changing  the  size  of  quantum 
dots,  and  the  possibility  of  exceeding  the  Schottky-Queisser  limit 
by  using  multiple-electron  generation  [3-7]. 

Nevertheless,  the  QDSCs  still  have  exhibited  lower  efficien¬ 
cies  compared  with  DSSCs  [8].  One  of  the  main  reasons  is 
the  recombination  loss  due  to  various  defects  at  the  interfaces 
[9,10].  Therefore,  to  obtain  the  improved  photovoltaic  perfor¬ 
mance  of  QDSCs,  studies  on  interface  quality  are  necessary  [11,12]. 
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Several  groups  have  examined  the  surface-treatment  effects  on 
QDSC  performance  [13-16],  even  though  the  exact  enhancement 
mechanisms  have  not  been  clarified  yet. 

In  DSSCs,  the  compact  blocking  layer  was  used  to  prevent  the 
backward  electron  transfer  from  FTO  to  the  conventional  iodide 
electrolyte,  and  many  groups  have  studied  several  materials  for 
this  layer,  including  Ti02  and  Nb205  [17-19].  The  blocking-layer 
incorporation,  however,  induces  little  effect  on  the  photovoltaic 
performance,  because  the  shunt  resistance  of  DSSCs  is  on  the  order 
of  103  £2  cm2  when  using  an  iodide  electrolyte  [20],  and  this  mag¬ 
nitude  of  resistance  is  high  enough  to  operate  DSSCs. 

In  the  case  of  QDSCs,  to  solve  the  corrosion  problem  of  quan¬ 
tum  dots  in  the  electrolyte  [21  ],  a  polysulfide  solution  was  used  as 
an  alternative  for  the  3r/I3_  electrolyte.  The  fill  factor  of  QDSCs 
using  the  polysulfide  electrolyte  is  lower  than  those  of  DSSCs  due 
to  both  the  low  shunt  resistance  of  the  interfaces  and  the  high 
series  resistance  of  the  electrolyte  [22].  One  of  the  possible  reason 
for  the  low  shunt  resistance  is  the  loss  caused  by  the  recombina¬ 
tion  at  the  FTO/polysulfide  electrolyte  interfaces.  Nevertheless,  the 
mechanisms  and  charge-transfer  kinetics  of  the  FTO/polysulfide 
electrolyte  have  not  yet  been  studied.  In  this  article,  we  exam¬ 
ined  the  influence  of  a  Ti02  blocking  layer  on  the  photovoltaic 
performance  of  QDSCs.  The  electron  recombination  and  charge- 
transfer  kinetics  were  analyzed  for  the  recombination  reactions  at 
the  FTO/polysulfide  electrolyte  interfaces. 
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Fig.  1.  Plan-view  FE-SEM  images  of  the  bare  and  Ti02  blocking-layer  coated  FTO  electrode:  (a)  FTO  substrate,  (b)  FT0/Ti02  (7  nm),  (c)  FT0/Ti02  (30  nm),  and  (d)  FT0/Ti02 
(170  nm). 


2.  Experimental  procedure 

The  Ti02  blocking  layer  on  the  FTO  electrode  was  prepared  using 
a  rf-magnetron  sputtering  system.  The  deposition  was  performed 
at  room  temperature  (RT)  under  an  Ar  atmosphere  with  an  oper¬ 
ating  pressure  of  3mTorr  and  rf  power  of  100W.  The  thickness 
of  the  blocking  layer  was  controlled  by  changing  the  deposition 
time  in  the  range  of  5-120  min.  Commercial  Ti02  nanopowder  (Ti- 
Nanoxide  D;  Solaronix,  Switzerland)  was  used  as  a  host  material  for 
QDSCs.  The  paste  was  spread  with  a  one-step  doctor  blade  method 
on  the  fluorine-doped  tin  oxide  (FTO,  TEC  8;  Pilkington,  Japan)  elec¬ 
trode,  and  the  paste-coated  electrodes  were  subsequently  annealed 
at  450  °C  for  30  min  in  ambient  air.  The  thickness  of  the  Ti02 
nanoparticle  layer  was  approximately  5  [xm,  and  the  active  area 
of  the  photoelectrode  was  0.28  cm2. 

The  CdS  quantum  dots  were  coated  onto  the  Ti02  nanoparticle 
electrode  using  a  successive  ionic-layer  adsorption  and  reac¬ 
tion  (SILAR)  method  for  fabricating  efficient  QDSCs  with  high 
quantum-dot  coverage  [23,24].  The  as-prepared  Ti02  electrodes 
were  immersed  in  0.04  M  cadmium  chloride  (CdCl2;  Aldrich,  St. 
Louis,  USA)  in  methanol  for  1  min,  and  then  the  same  samples  were 
soaked  in  0.04  M  sodium  sulfide  (Na2S;  Aldrich,  St.  Louis,  USA) 
dissolved  in  methanol.  Following  each  step,  the  electrodes  were 
rinsed  with  methanol  for  1  min  and  dried.  This  coating  process  was 
repeated  five  times.  The  polysulfide  electrolyte  was  prepared  by 
dissolving  0.5  M  Na2S,  IMS,  and  0.02  M  KC1  in  methanol/water 
with  the  ratio  of  7:3  solutions  [24].  The  Pt  counter  electrode  was 
deposited  on  the  FTO  substrate  by  rf-magnetron  sputtering.  Ther¬ 
moplastic  foil  (25  |xm;  Dupont,  France)  was  used  as  a  spacer  for  the 
sandwich-type  solar  cells. 

The  photocurrent-voltage  (J-V)  curves  were  characterized  with 
a  solar  cell  measurement  system  (K3000:  McScience,  Korea)  under 
a  solar  simulator  (Xenon  lamp,  air  mass  (AM)  1.5,  lOOmWcm-2). 
Impedance  spectra  and  open-circuit  decay  measurements  were 
performed  using  a  potentiostat  (CHI  608C:  CH  Instrumental  Inc., 
Austin,  USA)  and  solar  simulator  (PEC-L11:  Peccell,  Japan)  under 
AM  1.5  illumination.  The  electrochemical  impedance  spectra  were 


recorded  over  a  frequency  range  of  0.1  to  105  Hz.  An  electrochemi¬ 
cal  analyzer  (CHI  604A:  CH  Instrumental  Inc.,  Austin,  USA)  was  used 
for  measuring  the  electrochemical  reactions  at  the  FTO/electrolyte 
interface.  Field-emission  scanning  electron  microscopy  (FE-SEM, 
SU70:  Hitachi,  Japan)  was  used  to  characterize  the  morphology  of 
the  blocking  layer  on  the  FTO  electrode.  The  absorption  spectra 
of  the  blocking-layer  coated  FTO  were  recorded  on  a  UV/Vis  spec¬ 
trophotometer  (Lambda  20:  Perkin-Elmer,  Waltham,  USA)  with 
bare  FTO  as  a  reference.  Incident  photon-to-current  conversion  effi¬ 
ciency  (IPCE)  was  obtained  by  using  an  IPCE  measurement  system 
(K3100:  McScience,  Korea). 

3.  Results  and  discussion 

Fig.  1  shows  the  plan-view  FE-SEM  images  of  the  bare  and  Ti02 
blocking  layer  coated  on  the  FTO  electrode.  The  film  morphology 
and  coverage  changed  with  the  deposition  time.  The  nominal  thick¬ 
nesses  of  all  the  blocking  layers  are  7,  30,  and  170nm,  depending 
on  the  deposition  rate  of  the  Ti02  film.  The  island  growth  is  clearly 
observed  from  the  30  nm-Ti02  blocking  layer  on  FTO,  and  after  the 
170nm  deposition,  the  FTO  substrate  is  completely  covered  with 
the  Ti02  layer. 

From  the  current  density-voltage  (J-V)  curves  of  the  CdS- 
sensitized  solar  cells  in  Fig.  2,  the  photovoltaic-conversion 
efficiencies  of  the  cells  are  enhanced  with  increases  in  the  Ti02 
blocking-layer  thickness,  and  both  the  open-circuit  voltage  and 
short-circuit  current  also  increased.  The  fill  factor  showed  maxi¬ 
mum  with  the  7  nm-deposited  cell,  and  gradually  decreased  with 
the  increasing  blocking-layer  thickness.  The  possible  reasons  are 
the  resistance  of  the  blocking  layer  itself  that  impedes  electron 
transport  from  Ti02  nanoparticles  to  the  FTO  substrate  [9,17],  or 
inefficient  ion  transport  of  the  polysulfide  electrolyte  as  the  flux  of 
current  increases  [25]. 

As  shown  in  Table  1,  the  30  nm-deposited  cell  exhibits  the  best 
efficiency,  by  more  than  a  factor  of  two  compared  to  the  bare  cell. 
On  the  other  hand,  the  thick  blocking  layer  results  in  a  decreased 
conversion  efficiency. 


Current  Density  (mA  cm  2) 
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Fig.  2.  Photocurrent  density-voltage  characteristics  of  CdS-sensitized  solar  cells 
with  various  blocking-layer  thicknesses.  The  inset  shows  the  power-conversion 
efficiency  of  QDSCs  as  a  function  of  the  blocking-layer  thickness. 


The  open-circuit  voltage  (Voc)  and  short-circuit  current  (Jsc) 
were  affected  by  the  Ti02  conduction-band  position,  electron 
concentration  in  the  Ti02 -nanoparticle  layer,  light-harvesting  effi¬ 
ciency,  etc.  [26-28].  The  conduction  band  of  the  mesoscopic  Ti02 
film  does  not  change  because  the  Ti02  nanoparticle/polysulfide 
electrolyte  interface  is  not  affected  by  the  addition  of  the  block¬ 
ing  layer.  This  demonstrates  conclusively  that  the  increase  of  Voc 
is  attributed  to  the  increase  in  electron  concentration  which  is 
influenced  by  the  reduced  recombination  properties  during  light 
harvesting.  Thus,  the  first  aim  of  our  study  focused  on  the  recom¬ 
bination  properties  with  respect  to  variation  of  the  blocking-layer 
thickness. 

We  performed  dark  current  experiments,  as  shown  in  Fig.  SI. 
As  expected,  the  dark-recombination  current  decreases  as  the 
blocking-layer  thickness  increases  in  the  positive-bias  area,  and  the 
exchange  current  also  decreased  in  the  negative-bias  region.  Fur¬ 
thermore,  compared  with  the  poor  junction  characteristics  of  the 
bare  sample,  the  coated  sample  exhibits  good  junction  quality  with 
a  small  leakage  current  [29].  The  Ti02  layer  acts  as  the  blocking  layer 
which  attenuates  the  charge-transfer  rate  at  the  FTO/polysulfide 
interface.  The  reduced  recombination  rate  leads  to  an  upward  shift 
of  the  electron  quasi-Fermi  level  EFn  by  increasing  the  electron- 
carrier  concentration,  thereby  resulting  in  the  improvement  of  the 
open-circuit  voltage  [30]. 
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Fig.  3.  (a)  Equivalent  circuit  of  QDSCs  approximated  for  the  low-voltage  or  high-voltage  region  [34].  (b)  Electrochemical  impedance  spectroscopy  for  the  bare  and  blocking- 
layer  coated  QDSCs  with  an  applied  voltage  of  0.1  V,  and  the  corresponding  Bode  plot.  The  lines  were  calculated  using  the  equivalent  circuit  above,  (c)  Electrochemical 
impedance  spectroscopy  at  the  open-circuit  voltage  and  the  corresponding  Bode  plot. 
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Table  1 

Open-circuit  voltage,  short-circuit  current,  fill  factor,  and  power-conversion  effi¬ 
ciency  of  the  CdS-QDSCs  with  various  blocking-layer  thicknesses. 


Voc  (V) 

Jsc  (mAcrn-2) 

FF 

T] 

Bare 

0.285 

2.43 

33.6% 

0.23% 

7  nm 

0.390 

2.70 

36.2% 

0.38% 

30  nm 

0.451 

3.24 

35.7% 

0.52% 

170nm 

0.435 

3.04 

35.0% 

0.46% 

Electrical  impedance  spectroscopy  (EIS)  is  a  powerful  tool  for 
analyzing  the  electrochemical  reaction  at  the  interfaces  [31-33]. 
At  relatively  low  voltages,  the  Fermi  level  of  nanoparticle  Ti02 
electrode  is  far  below  the  conduction  band.  So,  the  electron  concen¬ 
tration  in  the  Ti02  electrode  is  relatively  low,  and  the  nanoparticle 
layer  behaves  like  an  insulator.  Therefore,  charge  transfer  is  domi¬ 
nated  by  the  reaction  at  the  FTO/electrolyte  interface  [34].  Thus, 
we  can  mainly  focus  on  the  blocking-layer  effect  at  this  low- 
voltage  region.  Fig.  3(b)  shows  the  impedance  spectroscopy  for  the 
bare  and  blocking-layer  coated  QDSCs  at  0.1  V  with  AM  1.5  illu¬ 
mination.  The  charge-transfer  resistance  was  calculated  using  the 
equivalent-circuit  model  represented  by  Fabregat-Santiago  et  al. 
[35],  as  shown  in  Fig.  3(a).  The  Rs  is  a  series  resistance  of  FTO, 
ftFTo  is  the  charge-transfer  resistance  for  the  electron  recombina¬ 
tion  from  the  FTO  to  the  electrolyte,  and  CFT0  is  the  capacitance  for 
the  FTO/electrolyte  interface.  The  Zd(sol)  stands  for  the  impedance 
of  diffusion  in  the  polysulfide  electrolyte,  RPt  is  the  charge-transfer 
resistance  from  the  electrolyte  to  the  Pt  counter  electrode,  and  CPt 
is  the  corresponding  interfacial  capacitance.  The  fitting  lines  are 
shown  as  solid/dashed  lines  in  Fig.  3(b),  and  the  fitting  param¬ 
eters  are  listed  in  Table  2.  The  parameters,  including  Zd(sol),  RPt , 
and  Cpt,  remain  unchanged  with  the  addition  of  the  blocking 
layer,  so  these  parameters  are  fixed.  As  shown  in  Table  2,  the 
charge-transfer  resistance  increases  considerably  by  one  order  of 
magnitude  with  the  incorporation  of  the  Ti02  blocking  layer,  which 
means  that  the  recombination  is  reduced  at  the  FTO/electrolyte 
interface.  The  170  nm-deposited  sample  exhibits  a  Cpro  value  that  is 
approximately  five  times  larger  than  the  other  samples,  due  to  the 
capacitive  charging/discharging  of  the  thick  Ti02  blocking  layer  on 
the  FTO.  As  shown  in  the  Bode  plot,  the  peak  frequency  is  shifted 
from  ~100Hz  to  ~10Hz  with  the  addition  of  the  blocking  layer, 
which  again  indicates  a  reduced  charge-transfer  rate  [36].  In  spite 
of  the  low  charge-transfer  resistance  of  the  170nm  sample  com¬ 
pared  with  that  of  the  30  nm  sample,  the  peak-frequency  position 
of  the  sample  is  shifted  to  a  much  lower  region,  and  this  result  is  in 
good  agreement  with  the  larger  Cpro  value. 

For  the  open-circuit  voltage,  the  charge-transfer  resistance  of 
the  blocking-layer  coated  sample  exhibits  lower  resistance  com¬ 
pared  with  the  value  measured  at  0.1  V  (Fig.  3(c)),  because  the 
electron-carrier  density  in  the  Ti02  nanoparticles  is  high  at  the 
relatively  high  open-circuit  voltage.  On  the  other  hand,  the  bare 
sample  exhibits  a  similar  resistance  and  Bode-plot  characteristics  at 
0.1  V  and  at  the  open-circuit  voltage,  due  to  the  relatively  low  open- 
circuit  voltage  of  the  bare  sample  (0.285  V),  so  the  charge-transfer 
kinetics  do  not  change  significantly  [35]. 


Table  2 

Charge-transfer  resistance  and  capacitance  for  the  FTO/electrolyte  interface  of  the 
CdS-QDSCs  obtained  by  using  an  equivalent  circuit  at  an  applied  voltage  of  0.1  V  with 
various  blocking-layer  thicknesses,  based  on  fitting  the  impedance  spectroscopy  in 
Fig.  3(b). 


Rfto  (£2) 

Cfto  (|ulF) 

Bare 

181 

32.6 

7  nm 

1881 

29.4 

30  nm 

2768 

50.0 

170nm 

1511 

198.7 

0  5  10  15  20 


Time  (s) 


Fig.  4.  (a)  Experimental  decay  results  of  Voc  of  the  CdS-sensitized  solar  cells  with  var¬ 
ious  blocking-layer  thicknesses,  (b)  The  electron  lifetime  from  Eq.  (1)  as  a  function 
of  voltage. 


The  recombination  rates  of  QDSCs  were  determined  by 
photovoltaic-decay  measurements.  The  photovoltaic-decay  rate  of 
the  cell  with  a  blocking  layer  exhibits  much  slower  rate  than  that 
of  the  bare  sample,  as  shown  in  Fig.  4(a).  The  electron  recombina¬ 
tion  rate  at  the  FTO/electrolyte  decreased  due  to  the  compact  Ti02 
blocking  layer.  Therefore,  more  electrons  accumulated  in  the  Ti02 
nanoparticle  layer,  thereby  resulting  in  higher  photovoltaic  voltage 
concurrently.  The  decay-time  constants  were  calculated  to  quantify 
the  decay  rate  from  equation  [37]: 


kfiT  /  dV0c  \ 


(i) 


The  decay-time  constant  of  the  blocking-layer  (30  nm)  coated  sam¬ 
ple  is  approximately  one  order  of  magnitude  higher  compared  with 
bare  sample  at  all  the  voltages,  as  shown  in  Fig.  4(b). 

To  examine  the  electrolyte  reactions  with  FTO,  cyclic  voltam¬ 
metry  was  performed  in  the  same  polysulfide  electrolyte  used  in 
our  QDSCs,  as  shown  in  Fig.  5.  The  Ti02  blocking  layer  effectively 
suppresses  oxidation/reduction  reactions  of  the  polysulfide  elec¬ 
trolyte  with  the  FTO.  On  the  other  hand,  in  the  middle  of  the 
potential  range,  the  capacitive  current  increases  as  the  blocking 
layer  becomes  thicker,  as  clearly  shown  in  the  magnified  inset  of 
Fig.  5.  The  Ti02  conduction-band  position  in  the  polysulfide  elec¬ 
trolyte  is  estimated  to  be  -0.83  V  vs.  NHE,  based  on  measuring  the 
acidity  of  the  electrolyte  (pH  12.1)  with  -0.12  V  vs.  NHE  at  pH  0 
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Fig.  5.  Cyclic  voltammetric  curves  of  the  bare  and  Ti02  blocking-layer  coated  FTO 
electrode  in  the  polysulfide  electrolyte.  The  Ti02  conduction-band  position  is  illus¬ 
trated  as  a  short-dashed  line. 

for  the  conduction  band  of  Ti02  [38].  Therefore,  we  conclude  that 
the  capacitive  current  observed  above  -0.83  V  is  attributed  to  the 
filling  of  conduction-band  states.  Also,  in  the  more  positive  poten¬ 
tial  region,  capacitive  current  is  still  observed,  due  to  a  reversible 
filling  of  charge-trap  states  within  the  Ti02  bandgap  of  the  blocking 
layer  [39,40].  These  defects  can  act  as  recombination  centers,  which 
give  rise  to  electron  leakage  by  transferring  photoexcited  electrons 
from  the  Ti02  blocking  layer  to  the  polysulfide  electrolyte  before 
reaching  the  FTO.  In  Fig.  S2,  the  trap  states  are  also  observed  in 
the  absorption  spectrum  below  the  Ti02-bandgap  energy  (3.2  eV), 
exhibiting  an  increased  value  with  the  thick  blocking  layer. 

In  order  to  characterize  the  light-harvesting  effect  of  the  block¬ 
ing  layer,  we  performed  IPCE  measurements,  as  shown  in  Fig.  6. 
Interestingly,  asymmetric  enhancement  of  IPCE  is  observed  for  the 
thick  blocking-layer  sample,  which  is  not  observed  in  the  DSSCs. 
This  is  due  to  the  absorption  natures  of  the  CdS  semiconductor, 
and  the  trap-state  absorption  of  the  Ti02  blocking  layer.  In  the  case 
of  DSSCs,  an  IPCE  below  the  ~390  nm  region  (left  region)  is  mainly 
affected  by  the  absorption  from  the  bandgap  of  the  Ti02  nanopar¬ 
ticles  [41]  because  the  molar  absorption  coefficient  of  the  dye 
(~104  M-1  cm-1 )  is  much  lower  than  that  of  the  Ti02  [42].  In  con¬ 
trast,  semiconductor  quantum  dots  have  much  higher  absorption 
coefficients  of  105  to  106  M-1  cm-1  [42]  above  the  bandgap  energy. 
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Fig.  6.  Incident  photon-to-current  conversion  efficiency  (IPCE)  spectra  of  QDSCs 
with  various  blocking-layer  thicknesses.  The  IPCE  of  Ti02  nanoparticles  without 
CdS-sensitizer  is  shown  as  a  dotted  line. 

Therefore,  the  values  of  the  IPCE  are  represented  by  the  summa¬ 
tion  of  the  CdS  and  Ti02  responses  in  the  UV  region.  As  the  Ti02 
blocking-layer  thickness  increases,  more  photons  are  absorbed  by 
the  Ti02  layer.  The  Ti02  nanoparticles  without  the  CdS  sensitizer  in 
the  polysulfide  electrolyte,  however,  exhibit  lower  solar-cell  per¬ 
formance  in  the  UV  region  (over  the  Ti02  bandgap  or  left  region 
in  Fig.  6).  Furthermore,  as  the  blocking  layer  becomes  thicker,  the 
slopes  of  the  IPCE  spectra  become  steeper  below  the  bandgap 
energy  (middle  region)  in  Fig.  6.  The  reason  for  this  is  that  the 
thicker  blocking  layer  has  much  more  trap  states,  which  means 
that  the  absorption  near  the  conduction  band  becomes  intensified, 
as  shown  by  the  absorption  spectra  of  Fig.  S2.  In  the  higher  wave¬ 
length  region  (right  region),  symmetric  enhancement  of  the  IPCE  is 
observed  because  the  absorption  through  the  Ti02  blocking  layer 
becomes  insignificant. 

Fig.  7  shows  a  schematic  illustration  for  the  effect  of  the 
blocking  layer.  The  electron  recombination  from  the  FTO  elec¬ 
trode  to  the  polysulfide  electrolyte  is  blocked  by  the  addition 
of  the  compact  Ti02  blocking  layer,  thereby  improving  Voc,  Jsc, 
and  the  fill  factor.  Consequently,  this  phenomenon  has  a  direct 
impact  on  the  improved  energy-conversion  efficiency  of  the  QDSCs. 


Fig.  7.  Schematic  figures  of  the  Ti02  blocking-layer  effects  on  the  performance  of  CdS-sensitized  solar  cells. 
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Nevertheless,  when  the  blocking  layer  becomes  too  thick,  the  layer 
acts  as  trap  sites  for  both  recombination  of  the  carrier  and  absorp¬ 
tion  of  light.  Therefore,  the  performance  of  the  solar  cell  with  the 
1 70  nm  blocking  layer  deteriorates. 

4.  Conclusions 

The  addition  of  blocking  layer  to  QDSCs  plays  an  impor¬ 
tant  role  in  reducing  the  electron-carrier  recombination  at  the 
FTO/electrolyte  interface.  The  Ti02  blocking-layer  coated  CdS- 
sensitized  solar  cell  exhibits  enhanced  conversion  efficiency 
compared  with  the  bare  cell  by  more  than  a  factor  of  two.  In  contrast 
to  DSSCs,  asymmetric  enhancement  of  the  IPCE  is  also  observed, 
due  to  the  high  extinction  coefficients  of  the  semiconductor  quan¬ 
tum  dots  compared  with  that  of  dye  molecules. 
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